Fe]-hydrogenase hosts an iron-guanylylpyridinol (FeGP) cofactor.The FeGP cofactor contains apyridinol ring substituted with GMP,t wo methyl groups,a nd an acylmethyl group.H cgC,a ne nzyme involved in FeGP biosynthesis, catalyzesm ethyl transfer from S-adenosylmethionine (SAM) to C3 of 6-carboxymethyl-5-methyl-4-hydroxy-2-pyridinol (2). We report on the ternary structure of HcgC/S-adenosylhomocysteine (SAH, the demethylated product of SAM) and 2 at 1.7 resolution. The proximity of C3 of substrate 2 and the S atom of SAH indicates ac atalytically productive geometry. The hydroxy and carboxygroups of substrate 2 are hydrogenbonded with I115 and T179, as well as through aseries of water molecules linked with polar and af ew protonatable groups. These interactions stabilizet he deprotonated state of the hydroxy groups and ak eto form of substrate 2,t hrough which the nucleophilicity of C3 is increased by resonance effects.C omplemented by mutational analysis,astructurebased catalytic mechanism was proposed.
S-adenosylmethionine (SAM)-dependent methyltransferases,w hich are found in all three domains of life,c atalyze methyl-transfer reactions to diverse substrates of various sizes,which are involved in secondary metabolism, transcriptional regulation, and signal transduction. [1] They are classified as O-, N-, C-, or S-methyltransferases depending on the methyl-accepting atom of the substrates.C -methyltransferases are further subdivided into canonical SAM-dependent enzymes [2] and radical-SAM-dependent enzymes. [3] They catalyze methyl transfer to an ucleophilic carbon through an S N 2mechanism and to an electrophilic sp 2 -hybridized carbon, respectively. [1b] Notably,S AM-dependent methyltransferases have attracted attention as synthetic tools for biotechnological applications. [4] [Fe]-hydrogenase is involved in the methanogenic pathway from H 2 and CO 2 ,a nd catalyzes reversible hydride transfer from H 2 to methenyltetrahydromethanopterin. [5] The active site of [Fe]-hydrogenase hosts an iron guanylylpyridinol (FeGP) cofactor (1) . Thel ow-spin Fe II is coordinated to two CO groups,o ne cysteine thiolate,a nd the nitrogen and acylmethyl substituents of the pyridinol ring ( Figure 1a ). The pyridinol ring is further substituted with one guanosine monophosphate (GMP) and two methyl groups. [6] According to isotope-labeling analysis,t he 3-methyl group of the FeGP cofactor 1 originates from the methyl group of methionine,t hus indicating the participation of aS AM-dependent methyltransferase. [7] Recently,F ujishiro et al. reported structure-based functional analysis of biosynthetic enzymes for the FeGP cofactor, [8] which are encoded in the hcg gene cluster.T hey also determined crystal structures of HcgC from Methanocaldococcus jannaschii. [8d] Structural comparison showed significant similarities between HcgC and the Rossmann-fold SAM-binding domain of the methyltransferase RumA, although aB last search based on the protein sequences did not show any relationship.Biochemical experiments finally demonstrated that HcgC catalyzes methyl transfer to C3 of 6-carboxymethyl-5-methyl-4-hydroxy-2pyridinol (2), using SAM as am ethyl donor ( Figure 1b ). [8d] In the reported structure of the HcgC/SAM complex, SAM binds in front of the C-terminal loops of the central parallel bsheet of the N-terminal domain, which is in line with SAMdependent methyltransferases characterized by aRossmanntype ab fold. [*] L. Bai, [+] with SAH and the methylated pyridinol product 3 (Figure 1b ) were unsuccessful.
Here,w er eport on the crystal structure of HcgC from Methanococcus maripaludis in complex with SAH and substrate 2.C omplemented by kinetic analysis of several enzyme variants with site-specifically exchanged amino acids, acatalytic mechanism for this methyltransferase is proposed.
His-tagged HcgC from M. maripaludis was heterologously produced in Escherichia coli,p urified using nickel-affinity chromatography,and crystallized in the presence of SAH and substrate 2,a sw ell as SAM and substrate 2 (see the Supporting Information). TheH cgC/SAH/2 structure determined at 1.7 resolution (Figure 2a )r evealed ad imer-ofhomodimer architecture analogous to the HcgC structure from Methanocaldococcus jannaschii, [8d] with ar oot mean square deviation of 0.65 .Each of the four active sites of the tetramer contains SAH and, in addition, two of them contain substrate 2 in the electron density (Figure 2band Figure S1 in the Supporting Information). However,substrate 2 appears to be partly broken in one of the active sites and is superimposed in the electron density with an unknown linear compound (Figures S1a, S2, and S3a). Thefourth monomer showed only electron density for SAH and water molecules (Figures S1d and S3a). To prevent the degradation of substrate 2 during long-term incubation in the crystallization drops,H cgC was co-crystallized with SAH and substrate 2 within less than two days.Inaddition, we soaked crystals of the HcgC apoenzyme with SAH and substrate 2.T he X-ray structures based on rapidly grown and soaked crystals (2.0 and 2.05 resolution, respectively), revealed full occupancyo fthe four active sites with SAH and the intact pyridinol 2 ( Figure S3b and S3c). Since the binding mode was identical to that in the 1.7 structure,t he latter higher-resolution structure was consequently applied for further analysis.
Theb inding of SAM or SAH was already described in detail in ap revious report. [8d] Substrate 2 is bound to the predicted active-site pocket near SAH, located between two subunits of the dimer.Comparison between HcgC/SAH with and without substrate 2 (for the latter,s ee below) indicated arigidification of residues 1-12 upon the binding of substrate 2.T his rigidified loop largely shields the substrate from the bulk solvent and participates in binding of substrate 2 and in catalysis.The planar pyridinol ring is clamped between Ile115, Ile5',V al9',a nd SAH (amino acids of another monomer are indicated with apostrophes), which adjusts the pyridinol-SAH orientation and the distance of 4.2 between the C3 of the pyridinol and the sulfur atom of SAH (Figure 2b) .
Pyridinol 2 is primarily anchored to the polypeptide by its carboxymethyl group,which is hydrogen-bonded to the Nand OH of Thr179. Thr179 is positioned at the positively charged N-terminal end of helix 178-194. In addition, W5 bridges the carboxymethyl group of substrate 2 with Met178-NH and SAH-COO À and W6 with Ty r51-OH. Apart from Ile115-N, the pyridinol ring is connected with the polypeptide by aseries of solvent-mediated interactions (Figure 3a,b ). The2-OH group of 2 is linked via W1 with Ile5'-NH and Glu209-COO À and via W2 with Thr6'-OH and I115-CO,and the 4-OH group via W3, which is itself coordinated via W7 with Ser175-OH, Glu134-COO À, and the SAH-NH 4 + group.W 4b ridges the pyridinol Na tom with Ser233'-OH and Glu209-COO À . Note that two monomers and SAH are involved in binding the pyridinol substrate and that the residues connecting the water molecules with substrate 2 are fully conserved (Figure S4) .
TheX -ray structure at 1.8 resolution determined from crystals grown in the presence of HcgC,SAM, and substrate 2 contains only SAH in the four sites at the same position and conformation as in the HcgC/SAH/2 complex but with ad isordered N-terminal loop and thereby an open activesite pocket ( Figure S5 ). Under the crystallization conditions, SAM and 2 reacted to give SAH and the methylated product 3 (see Figure 1b ), which was subsequently confirmed using MALDI-TOF-MS for identifying product 3.T he absence of product 3 in the electron density suggests aweaker binding of the HcgC/SAH complex to the methylated product 3 than to substrate 2,w hich might be due to ac lash between the 3methyl group of product 3 in the planar pyridinol form and the main chain of Ile115. To assess the role of the interactions between substrate 2 and specific amino acids on catalysis,mutational analysis was performed. Thr179 is the only amino acid with as ide chain that is directly hydrogen-bonded to substrate 2.A fter mutation of this residue to valine,t he enzyme variant exhibited no enzyme activity (Table 1) , which emphasizes the crucial function of the carboxy group as an anchor for substrate binding.M utation of Thr6',S er233, and Glu209 (each linked via one water molecule to substrate 2)tovaline, alanine,and glutamine resulted in adrastic decrease in k cat /K M or complete inactivation (Table 1a nd Figure S6) , which demonstrates the importance of the water molecules W1, W2, and W4. Foracontrol, Ser175 and Ty r51, which are not hydrogen-bonded with water molecules (directly involved in binding of 2-OH and 4-OH), were exchanged to alanine and phenylalanine,r espectively.T hese mutations exhibited only small kinetic effects,aspredicted (Table 1, Figure S6 ).
Theternary HcgC/SAH/2 structure,the kinetic characterization of enzyme variants,a nd current knowledge about SAM-dependent methyltransferase reactions allowed us to postulate ac atalytic mechanism. SAM-dependent methyltransferase reactions normally follow two catalytic strategies: [1b] 1) proximity and desolvation to adjust an optimal geometry between the reaction groups and to avoid side reactions,and 2) general acid/base or metal-based catalysis to increase the nucleophilicity of the methyl-accepting atom. In HcgC,t he two bulky compounds SAM and substrate 2 are arranged in ap roper orientation for performing the S N 2 methyl transfer reaction. Thed istance between the methyl group of SAM and the C3 of 2 is ca 2.7 .Modeling of SAM into the HcgC/SAH/2 complex suggested at ransiently strained conformation in the ternary HcgC substrate complex. An energy-rich state prior to the nucleophilic attack, created by substrate-binding energy,w ould reduce the activation energy of the methyl transfer. Rigidification of residues 1-12 of the partner monomer,w hich wraps the substrate,m ight play an important role in this process;t he ternary HcgC/substrate complex is pressed from all directions without the possibility to move.
In comparison to other SAM-dependent methyltransferases,H cgC contains neither am etal ion nor ap rotonatable amino acid adjacent to the C3 of substrate 2,which excludes am etal-based or catalytic acid/base mechanism. HcgC uses as pecial strategy that exploits the chemical structure of substrate 2. Its 2-OH and 4-OH groups are ideally positioned for formally localizing an electron pair on C3 by resonance effects (Figure 3) . Thus,the reaction starts from the keto form through anucleophilic attack of the electron pair on C3 on the positively charged methyl group of SAM. Theproton on C3, acidified by keto/enolate stabilization, is subsequently released and might be transferred via W2, which 3.4 away Figure 3 . Water molecules that stabilize and activate substrate 2. a) Detailed HcgC-2 interactions in the active-site cleft. b) Scheme for the water-assisted deprotonation of the 2-and 4-hydroxy groups of substrate 2.F or clarity,w ater molecules W5, W6, and their coordinating residue and SAH are not depicted in panel (b). The 2-and 4-OH groups of the methyl acceptor 2 are mainly fixed with the polypeptide chain by aseries of mostly water-mediated hydrogen bonds. Only Thr179-O, Thr179-N, and Ile115-N are directly hydrogen-bonded to the carboxy group and the 4-OH group of substrate 2,r espectively. c) Proposed catalytic mechanism for the SAM-dependent methyl-transfer reaction of HcgC. [a] The mutated amino acid residues are fully conserved in HcgC ( Figure S4 ).
[b] The concentration of SAM was 1mm.
[c] The activity was too low to determine k cat and K M values.
from it, to the bulk solvent. Thewater molecules W1, W2, and W3 appear to be ideally suited to exquisitely balance the energetic landscape between deprotonation/protonation and keto/enolate mesomeric structures to maximize the probability of electron density on C3. Based on structural and mutational data, we presented au nique activation strategy of am ethyl acceptor by waterbalanced keto/enolate resonance stabilization. In addition, we learned from this study why nature uses substrate 2 as aprecursor for 3-methylation in the biosynthesis of the FeGP cofactor before conjugation with guanosine monophosphate catalyzed in the next step of FeGP cofactor biosynthesis. Methyl transfer to C3 of 4-guanylyl-2-pyridinoli se nergetically more difficult than that of 4-hydroxy-2-pyridinol due to the reduced number of resonance structures.
